The Zr-C:H coatings with various C 2 H 2 flow rate were deposited on micro-drills (a diameter of 0.2 mm) used a closed field unbalanced magnetron sputtering system. The ultrahigh speed (drilling speed of 160000 rpm) through-hole drilling printed circuit board tests used to evaluate the drilling performance of the coated micro-drills. The rejection criteria of service lives of the coated micro-drills were evaluated using two different criteria: (1) a nail head ratio greater than 1.5; (2) a drilled hole surface roughness greater than 25.4 µm. Adopting a service life criterion of a nail head ratio of 1.5, the Zr-C:H-5 coating possesses the optimal high-speed machining performance, which yields a micro-drill lifetime of above 6000 drilled holes. It represents a three-fold improvement on that of an uncoated micro-drill and it also improves machining quality.
Introduction
Diamond-like carbon (DLC) coatings possess excellent tribological properties, including a low coefficient of friction and a high wear resistance [1] [2] [3] [4] . Consequently, many researchers have explored their basic physical, mechanical and tribological properties with the aim of expanding their range of practical application [5] [6] [7] [8] . Generally speaking, DLC coatings fall into one of two different categories, namely hydrogen-free diamond-like carbon (ta-C) or hydrogenated diamond-like carbon (a-C:H). In fabricating coatings of the former type, the carbon source is generally provided by a graphite target, while in the latter type, the carbon content is obtained directly from the reactive gas. In recent years, researchers have developed a new class of DLC coating referred to as a-C:Me or Me-C:H coatings, in which the original a-C or a-C:H film is doped with additional metal materials in order to improve its adhesion strength and tribological properties [9] [10] [11] [12] [13] . Accordingly, the current study deposits Zr-C:H coatings with various C 2 H 2 flow rate on micro-drills, and then performs a series of experimental investigations to investigate the high-speed machining performance of each coating in order to identify the optimal coating for industrial machining applications.
Experimental Details
Coating Deposition. The coatings were deposited on micro-drills (MD020, Tera, Taiwan) using a closed field unbalanced magnetron sputtering system (UDP-450, Teer Coating, UK) with a single zirconium target, three graphite targets, and C 2 H 2 and CH 4 reaction gases. Prior to the deposition process, the micro-drills were cleaned for 10 minutes in Ar plasma using a DC voltage of 350 V with a pulse frequency of 150 kHz. A Zr intermediate layer of thickness 0.1 µm was then deposited on each substrate. Subsequently, a Zr-C layer was deposited on the Zr film. Finally, Zr-C:H-x topcoats were deposited on the Zr-C layers, which operated C 2 H 2 flow rate ranging from 3 sccm to 6 sccm (the x in the term Zr-C:H-x is the C 2 H 2 flow rate at the deposition process). The total depositions times were kept at 170 minutes. The deposition parameters for each of the various layers within the Zr-C:H-x coatings are summarized in Table 1 . High-speed Drilling Tests. To investigate the suitability of the Zr-C:H-x coatings for industrial machining applications, the coated micro-drills were used in a series of high-speed through-hole drilling tests performed under dry conditions using PCB substrates. The drilling operation was performed using a commercial machining center (W1686-10, Schmol-Mashinen, Germany) with a drilling speed of 160000 rpm (100.5 m/min) and a feed rate of 1.4 m/min (0.00875 mm/rev). The micro-drills were fabricated of AISI M2 steel with WC flute sections and had the following geometrical specification: a diameter of 0.2 mm; an overall length of 38.1 mm; a fluted section length of 3.5 mm; a helix angle of 40°; and a point angle of 120°. The PCB (FR-4) specimens used in the drilling tests measured 410 x 500 x 1.66 mm and comprised eight copper layers bonded with a resin epoxy material reinforced with fiberglass. The high-speed machining performance of each coated drill was evaluated by using an optical measurement system to measure the nail head ratio and surface roughness of the drilled hole, following the drilling of 2000, 4000 and 6000 holes. Each coating was evaluated by performing two sets of drilling tests using a new micro-drill in each case. The machining performance of each coating was then established by averaging the nail head ratio and surface roughness measurements obtained in the two tests.
Lifetime Evaluation of Coated Micro-drills. The service life of the coated micro-drills is assessed utilizing two different criteria, namely the nail head ratio and surface roughness of the drilled hole, respectively. The details described as follow: (1) a nail head ratio greater than 1.5; (2) a drilled hole surface roughness (i.e. maximum peak-to-valley depth) greater than 25.4 µm. Note that criteria #1 and #2 were defined in accordance with the rejection criteria specified by Nanofilm Technologies International Pte. Ltd. [14] . As described above, the nail head ratio and surface roughness were measured following the drilling of 2000, 4000 and 6000 holes, respectively. The effectiveness of the coated drill was evaluated by determining the total number of holes drilled before the two lifetime criteria specified above were satisfied. Table 2 summarizes the C 2 H 2 flow rates used to deposit each of the current coatings and indicates the corresponding hardness and adhesive properties. In general, the results show that the coating hardness reduces as the C 2 H 2 content increases. Thus, the Zr-C:H-3 coating has the highest hardness (42 Gpa), while the Zr-C:H-6 coating has the lowest (18 Gpa). Furthermore, observing the results presented for the adhesive properties of the various coatings, it is apparent that the adhesive property highly dependent on the amount of C 2 H 2 addition. For example, the Zr-C:H-3 (3sccm flow rate)coating has a poor grade E. However, the increase of flow rate of C 2 H 2 , i.e. 4 sccm and 5sccm, displays fair and good grade, respectively. In other words, more increase of flow rate of C 2 H 2 yield an improvement in the adhesive property of the Zr-C:H coating. However, at the highest flow rate of C 2 H 2 , i.e. 6sccm, the adhesive property displays the excellent grade A. To investigate the suitability of the current Zr-C:H coatings for industrial applications, a series of drilling tests were performed using coated micro-drills and PCB substrates. Figure 1 (a) illustrates the variation of the surface roughness of the drilled holes as a function of the number of holes drilled for each of the coated micro-drills. Note that the equivalent results for an uncoated micro-drill are also presented for comparison purposes. It is evident that the surface roughness of the holes drilled by the coated micro-drills is not only lower than that of the holes drilled by the uncoated micro-drill, but is also comfortably within the specified service life criterion of 25.4 µm. Figure 1 (b) illustrates the variation of the nail head ratio as a function of the number of drilled holes for the coated and uncoated micro-drills, respectively. It can be seen that the uncoated micro-drill exceeds the service life criterion of a maximum nail head ratio of 1.5 after drilling just 2000 holes, whereas the Zr-C:H-3, Zr-C:H-4 and Zr-C:H-5 coated drills achieve a minimum lifetime of around 4000 holes. Furthermore, it is observed that the Zr-C:H-5 coated micro-drill has a lifetime above 6000 drilled holes when evaluated in terms of the nail head ratio criterion. In other words, the Zr-C:H-5 coated micro-drill improves the tool life by a factor of above three compared to that of the uncoated micro-drill.
Results

Hardness and Adhesion Property of Zr-C: H-x Coatings.
Overall, the results presented in Fig.1 indicate that irrespective of the service life criterion applied, the Zr-C:H-5 coating provides the optimal machining performance. Furthermore, it is evident that the nail head ratio imposes a more severe lifetime criterion than the surface roughness criteria. Figure 2 present SEM micrographs of nail head characteristics of the 6000th drilled hole produced using the Zr-C:H-5 micro-drill. It can be seen that the nail head ratio of the 6000th hole has a value of 1.43 smaller than the lifetime criterion of 1.5. In other words, the micrograph confirms that the Zr-C:H-5 coating yields a lifetime above 6000 holes (i.e.more three times that of the uncoated drill) when evaluated using the nail head ratio criterion. Figure 3 (a) shows the existence of significant burring in and around the 2000th drilled hole. In other words, the uncoated micro-drill yields a poor machining quality even at a relatively low number of drilled holes. By contrast, the 6000th hole drilled by the Zr-C:H-5 coated micro-drill ( Fig. 3(b) ) is superior to that of the 2000th hole drilled using the uncoated micro-drill ( Fig. 3(a) ). 
Discussion
Summary
This study has investigated the mechanical and machining performance of Zr-C:H-x coatings deposited using a CFUBM system. The experimental results support the following major conclusions: The various coatings fabricated in this study, the Zr-C:H-3 coating has a high hardness (42 Gpa). Overall, the results show that the Zr-C:H-5 coating (5 sccm C 2 H 2 flow rate) has the optimal high-speed machining performance, i.e. it extends the tool life by a factor of at least three (6000 hole) compared to the uncoated micro-drill and yields a significant improvement in the machining quality.
